Background {#Sec1}
==========

The increasing number of preterm births with the associated risk of long term neurological sequelae \[[@CR1]\] and, at the same time, the availability of new therapeutic strategies \[[@CR2]\] determine a growing need for cerebral function monitoring in newborns who are at high risk of brain injury.

In this review, we will describe methods, timing, indications and aims of brain monitoring in newborns at risk for brain injury with the conventional techniques of monitoring currently used in newborns with neonatal seizures, hypoxic-ischaemic encephalopathy (HIE), intraventricular haemorrhage (IVH), periventricular leukomalacia and stroke.

For the purporses of this article, first of all we identified topics which, in our own experience, constitute the main aspects of brain monitoring in neonatal neurology, we then identified the most relevant and widely available techniques in clinical practice and we selected papers dealing with arbitrarily selected clinical issues (neonatal seizures, hypoxic-ischemic encephalopathy, stroke, prematurity), chosen for their epidemiological relevance in clinical practice. A PubMed search using the following search-terms was made: neonatal seizures, neonatal EEG, EEG monitoring, cranial ultrasound scan and newborn, cranial ultrasound and preterm newborn, MRI and newborn, evoked potentials and newborns. It was also integrated with sources found in the reviewed papers or from book chapters. We decided not to define a time frame in publication years because for some monitoring techniques we were unable to find relevant recent studies (i.e. evoked potentials). Therefore our review does not represent a systematic or comprehensive review of the literature but rather a way to convey some views and a "state-of-the art" on selected topics.

Brain monitoring tools {#Sec2}
======================

EEG and amplitude-EEG {#Sec3}
---------------------

There are many different clinical situations in which electroencephalogram (EEG) would be indicated. First of all, as it is non-invasive, it should be considered together with neurological examination, in case of concerns about the neonate's neurological status or the possibility of seizures \[[@CR3]\], especially if specific risk factors are present \[[@CR4]--[@CR7]\]. Neonatal seizures have been classified into subtle, clonic, myoclonic and tonic, based on their clinical characteristics \[[@CR8]\]. However, clinical definition of neonatal seizures alone is not adequate as some clinical events might rather represent brain-stem release phenomena \[[@CR9]\].

When investigating suspicious clinical events, EEG is necessary to exclude or confirm a diagnosis of neonatal seizures \[[@CR10]\].

Neonatal seizures should be differentiated from paroxysmal non-epileptic motor phenomena. These are defined as movements standing out from the normal motor repertoire of newborns, for which there is no association with EEG changes \[[@CR10]\]. In some cases, consideration of clinical characteristics of the paroxysmal event suffices for the differential diagnosis, while in others polygraphic video-EEG is mandatory \[[@CR10], [@CR11]\]. Subtle motor phenomena (such as cycling, pedalling or boxing) are of controversial interpretation: they were considered as brain-stem release phenomena or of spinal origin by Mizrahi \[[@CR9]\]. but classified by Volpe as subtle seizures \[[@CR12]\], because occasionally associated with epileptiform ictal discharges on EEG.

The use of conventional polygraphic video-EEG allows description of a series of clinically-relevant neurophysiological characteristics of neonatal seizures (definition of seizure onset and spread, seizure duration, correlation with motor phenomena). The onset is typically focal, especially in full-term newborns, while in preterm newborns both regional \[[@CR13]\] and focal \[[@CR14]\] onset have been commonly reported. Description of seizure onset is important in clinical practice as the consistent presence of a single onset focus is highly suggestive of focal injury, even though diffuse pathology can also manifest as focal discharges \[[@CR13]\]. Furthermore, documentation of a spread from one hemisphere to the contralateral one has been associated with worse outcome and development of epilepsy \[[@CR15]\].

However, after confirmation of neonatal seizures, prolonged or continuous monitoring is required for correct quantification of "seizure burden" and for neonatal status epilepticus diagnosis \[[@CR4]\], in an attempt to contrast its unfavourable prognostic consequences \[[@CR16], [@CR17]\].

The diagnosis and the definition of neonatal status epilepticus (NSE) is still controversial. It has been usually defined either as continuous seizures lasting for more than 30 min or seizures present for at least 50 % of the recording time, with no return to the baseline neurologic condition between episodes \[[@CR18]\]. An association with severe brain damage has been demonstrated and NSE is prognostically more detrimental than recurrent seizures \[[@CR19], [@CR20]\].

EEG is mandatory to monitor efficacy of anticonvulsants and for detection of the uncoupling phenomenon \[[@CR21]\]. Consequently, continuation of EEG monitoring for at least 24 h of seizure freedom has been recommended. With the advent of continuous EEG monitoring, it has become apparent that a great bulk of neonatal seizures are electrographic-only \[[@CR22]\].

Furthermore, the assessment of background activity with conventional EEG allows documentation of brain injury and evaluation of its degree of severity, especially using serial recordings. This represents a strong predictor of outcome \[[@CR4]\], independent of aetiology.

With the availability of therapeutic hypothermia, there has been a great impulse into the spreading of amplitude-integrated EEG (aEEG) use in neonatal intensive care units (NICU). Among its biggest strengths are the easiness of use by neonatologists \[[@CR23]\], the compressed time scale and the reduced montage, which shorten the time required for application and interpretation of tracings.

Although reliability in assessing background activity and degree of HIE, with good correlation with outcome, has been demonstrated \[[@CR24]\], aEEG has to be considered as a screening tool \[[@CR4], [@CR25]\] for seizure detection, and reference to conventional or "raw" EEG should be made in order to increase its sensitivity and specificity whenever suspicious neonatal seizures are detected \[[@CR26], [@CR27]\]. In conclusion, aEEG limitations must be taken into account to correctly use it: for example it might miss brief seizures or seizures originating far from recording electrodes (false negative results) or generate false positives due to artefacts \[[@CR5], [@CR25], [@CR28]\].

EEG in the evaluation of prematurity {#Sec4}
------------------------------------

In preterm newborns, EEG can be used to estimate the timing of a brain insult and its severity degree with serial recordings beginning soon after birth \[[@CR29]\].

Acute stage abnormalities reflect the acute phase of brain injury. EEG is mainly characterised by changes in continuity, amplitude and dominating frequencies. On the contrary, two different patterns are recognised as chronic stage abnormalities: the dysmature and the disorganized pattern. The dysmature pattern is characterised by the presence of EEG features that would be physiological for an infant 2 weeks or more younger than the conceptional age (CA) of the patient \[[@CR30], [@CR31]\]. It is typically reported following prolonged mild acute stage abnormalities without ultrasonographic changes or with IVH without parenchymal involvement \[[@CR31]\].

A disorganised pattern describes a background activity characterised by distorted delta waves associated with abnormal sharp waves \[[@CR31]\]. It is mainly reported in infants between 32 and 36 weeks of CA \[[@CR29]\] and in association with white matter injury, sometimes pre-dating cranial ultrasound evidence \[[@CR32], [@CR33]\]. It is associated with the subsequent development of cerebral palsy \[[@CR29], [@CR31]\].

The literature recommends to start with a first recording in the immediate post-natal period, in order to establish the timing of injury. Knowledge on both the severity of acute stage abnormalities and the type and severity of chronic stage abnormalities can improve prognostication. Tracings with increased discontinuity and decreased amplitude are associated with unfavourable prognosis \[[@CR34]\] and show the best sensitivity in the first two days of life \[[@CR35]\].

EEG in the evaluation of HIE {#Sec5}
----------------------------

An algorithm for the EEG surveillance of full-term newborns with HIE has been proposed \[[@CR36]\]. Different time points have been considered as the best predictors of normal outcome in different studies: within the first 12 h of life \[[@CR36]\], or within 24--36 h \[[@CR37]\]. Time-appropriate evaluation of background activities is paramount for correct planning of subsequent recordings, and for optimal prognostic accuracy \[[@CR38]\], as tracings tend to progressively improve with time \[[@CR39]\]. In fact, one single normal EEG obtained more than one week after an hypoxic-ischemic event has no prognostic value \[[@CR39]\]. On the contrary, a severely abnormal EEG can be related to an unfavourable outcome if recorded from 12 h of life, although a follow-up EEG after 24 h is helpful to rule out potential confounding factors \[[@CR36]\]. Finally, in case of intermediate findings in the initial EEG, a control EEG during the first week of life is important for prognostic purposes \[[@CR36]\].

The accurate assessment of the severity of background EEG abnormalities in the first 6 h of life has become one of the criteria to select newborns for therapeutic hypothermia \[[@CR40]\], even if this task is usually accomplished by means of aEEG \[[@CR3]\]. With the spreading in clinical use of therapeutic hypothermia, it has become clear that it determines a slower recovery rate of background EEG activity compared to normothermic condition \[[@CR41]\]. While the time to recovery of a normal background activity on aEEG in the normothermic newborn is predictive of a favourable outcome within 24 h, in the hypothermic newborn 48 h are necessary. Similarly, while the reappearance of sleep-wake cycle within 36 h is a marker of good prognosis, in hypothermic newborns there is a shift to up to 60 h after birth \[[@CR41]\].

EEG in the evaluation of stroke {#Sec6}
-------------------------------

EEG can allow early detection of focal cerebral injury \[[@CR42]\] in the context of perinatal stroke. EEG might point to a focal structural aetiology by identifying focal electrographic seizures, focal sharp waves or focal attenuation of background activities \[[@CR5]\], which would prompt neuroimaging. A recent study on perinatal arterial ischemic stroke confirmed suppression over the infarcted side, together with the presence of unilateral theta bursts intermixed with sharp or spike waves. Seizure patterns characteristically consisted of focal sharp, spikes/polispikes at 1--2Hz and a predominance of electrographic-only seizures \[[@CR43]\].

Standard or Continuous conventional EEG? {#Sec7}
----------------------------------------

Conventional polygraphic video-EEG represents the current gold standard for seizure diagnosis and quantification in newborns, as it allows evaluation of the site of onset and propagation of seizures \[[@CR4]\] and provides detailed information on background activity, reflecting brain maturation and presence of ongoing or previous brain injury.

Conventional EEG can be performed as either a standard EEG or as a continuous or prolonged recording. Standard neonatal EEG recordings differ from the ones undertaken at older ages because a complete cycle of wakefulness, active and quiet sleep should be recorded in newborns aged ≥ 30 weeks CA, and the most continuous and discontinuous patterns in younger newborns should be obtained for at least 40 min \[[@CR29], [@CR44]\]. These recommendations are motivated by the higher sensitivity of quiet sleep for background abnormalities detection.

Continuous cEEG has now been advocated as the preferable monitoring tool in high risk newborns, especially to correctly quantify neonatal seizures. In this case, continuous monitoring has been recommended for at least the first 24 h of life, as the majority of seizures would be identified within this time frame \[[@CR45]--[@CR47]\], although some researchers have proven an increased risk in the first 24--36 h period \[[@CR45]--[@CR47]\] and additional studies reported seizures in preterm newborns to occur later than in full-term ones, secondary to the timing of IVH \[[@CR20]\]. Furthermore, it was demonstrated within 48 h from birth in only approximately 10 % of preterm newborns below 29 weeks CA and in 50 % of those ≥30 weeks, while the mean onset time in the first group was 8.3 days versus 3.2 days in the second \[[@CR48]\].

Evoked potentials {#Sec8}
=================

Evoked potentials have been more extensively applied in neonatal HIE. In this context, somatosensory evoked potentials (SSEP) show a positive predictive value of 70--100 % for short-term outcome prediction \[[@CR49], [@CR50]\]. While absent or deteriorating visual evoked potentials (VEP) are associated with unfavourable outcomes \[[@CR49]\].

The predictive value of normal SSEP seems to be superior to their absence in newborns \[[@CR49]\], but they can represent a good indicator of unfavourable motor outcome if absent on a 4 weeks follow-up \[[@CR51]\]. The role of the bilateral absence of cortical SSEP in predicting cerebral palsy has been confirmed in newborns with neonatal encephalopathy in both term and preterm newborns \[[@CR51]\].

The combined application of VEP and SSEP seems to give the best prognostic accuracy \[[@CR49]\], especially in case of moderate HIE.

Based on this knowledge, some authors suggested recording of VEP first. If abnormal, SSEP are unlikely to add clinically-relevant information, whereas if they are normal, SSEP are recommended in order to refine prognostic accuracy \[[@CR49]\].

After the advent of therapeutical hypothermia, some authors suggest caution in interpreting SSEP as in older studies undertaken on normothermic newborns \[[@CR52]\].

VEP can also be used in preterm newborns to predict death and motor deficits. One study demonstrated a sensitivity and specificity of flash VEP of 86 % at birth and of 88 % at term equivalent age for survival and of 60 and 92 % for the development of cerebral palsy \[[@CR53]\].

Early brainstem auditory evoked potentials (BAEP) are of limited prognostic value, because of the great variability in latencies \[[@CR54]\] and the high frequency of transient abnormalities in the acute phase \[[@CR55]\].

Neuroimaging {#Sec9}
============

Cranial ultrasound and MRI {#Sec10}
--------------------------

Cranial ultrasonography is the most common brain imaging technique in NICUs, due to its easiness of use and the possibility to perform serial studies at a low cost \[[@CR56]\]. It is especially sensitive in detecting IVH, ventriculomegaly and focal cystic periventricular leukomalacia (PVL), while more subtle lesions, such as those involving the white matter, might not be detected \[[@CR57]\].

Performing a cranial ultrasound at the time of admission is paramount to gather evidence of lesions of prenatal onset or of congenital abnormalities, especially if there is no history of perinatal asphyxia. Afterwards, serial exams are advised in order to detect lesions soon after they occur, especially in the preterm infant, and then to monitor their evolution in order to diagnose complications such as ventriculomegaly and PVL. At present, cystic PVL is more commonly localised other than extensive, and these smaller cysts, usually appearing at 3--6 weeks after injury onset, usually resolve within several weeks and would not be appreciated on a brain magnetic resonance imaging (MRI) performed at term-equivalent age, when they are substituted by ventriculomegaly \[[@CR58]--[@CR61]\]. The possibility of an occurrence of a late onset PVL should also be borne in mind especially in case of acute deterioration, which should prompt the execution of additional ultrasound scans. Pre-discharge cranial ultrasound is also highly recommended \[[@CR56]\].

Standard cranial ultrasound procedures are based on the use of the anterior fontanelle as the main acoustic window however, for specific situations, supplementary acoustic windows are required to reach adequate sensitivity. Using the posterior fontanel enables visualisation of the occipital horns of the lateral ventricles, of the occipital parenchyma, the tentorium and cerebellum. Specific indications have been suggested, especially for early detection of cerebellar haemorrhages, congenital malformations and visualisation of the 4th ventricle and cisterna magna \[[@CR56]\]. Additionally, Doppler ultrasound techniques, spectral Doppler with resistive index (RI) calculation, colour and power Doppler techniques can be applied to evaluate intracranial vessels (patency, flow, cerebral vascular autoregulation, hyperhaemia) \[[@CR62]\]. It can be used to diagnose cerebral sinovenous thrombosis (CSVT) if the superior sagittal sinus is occluded, but MRI and magnetic resonance (MR) venography are often necessary to confirm diagnosis \[[@CR63]\].

However, cranial ultrasound examination has some limitations such as: poor visualisation of the brain convexity, of small abscesses and encephalitis, risk of missing small arterial cortical infarction and watershed lesions, underdiagnosis of hypoglycemic occipital parenchymal injury (unless the posterior fontanel is used), and underdetermined evaluation of the posterior limb of the internal capsule.

Therefore, brain MRI should be recommended in the above-mentioned clinical pictures and in the other clinical context as described in the following sections.

The most used MRI sequences in newborns have been summarised in a recent review \[[@CR64]\].

Prematurity {#Sec11}
===========

Cranial ultrasound in the evaluation of prematurity {#Sec12}
---------------------------------------------------

A scanning protocol has been proposed for preterm infants, with variations depending on gestational age \[[@CR65]\]. From the 23rd to the 35th week of GA, a cranial ultrasound scan is always recommended on day one of life and at one week of life, the at 2 and 3 weeks. For newborns with a GA between 23 and 26 wGA, additional scanning should be undertaken on the 2nd and 3rd day of life, weekly until 312 wGA, then on alternate weeks until 36 wGA. For preterm newborns born between 27 and 29 wGA after scanning weekly up to 31 wCA, one additional follow-up cranial ultrasound should be undertaken at 36 wCA. For preterm neonates born ≥ 29 wGA, scanning at 1 and 3 weeks is recommended. Irrespective of GA, one last cranial ultrasound scan is advisable at term equivalent age. Almost all haemorrhages develop within the first week after birth \[[@CR59]\]. After establishing this diagnosis, involvement of the white matter and/or the cerebellum should be looked for. Additionally, sequential scanning is recommended in order to promptly detect post-haemorrhagic ventricular dilatation. The ventricular index, the anterior horn width and the thalamo-occipital distance should be measured \[[@CR66], [@CR67]\].

Brain MRI in the preterm newborn {#Sec13}
--------------------------------

In case of uncomplicated IVH in the preterm newborn, integration between cranial ultrasound scans and conventional brain MRI performed at term-equivalent age can be especially useful to evaluate the development of ventriculomegaly and to detect associated white matter injury and cerebellar involvement \[[@CR57]\], which can consist of either haemorrhage or infarction, the latter of which is now considered as one of the preterm patterns of injury.

The best timing for brain scanning is represented by term equivalent age \[[@CR64]\]. Prognostication and comparison of severity degree between patients and studies has been improved with the development of scoring systems for either white matter or grey matter injuries \[[@CR68]--[@CR71]\].

Cranial ultrasound in the full-term newborn {#Sec14}
===========================================

The two main patterns of injury in the full-term newborn comprise: predominantly deep grey matter injury, in which areas of hyperechogenicity develop after 24--72 h from birth, first involving the thalami, and the watershed pattern, which is difficult to recognise due to the involvement of the convexity.

Brain MRI in the full-term newborn {#Sec15}
==================================

In HIE, the "acute near total asphyxia" pattern of injury is more easily demonstrated with diffusion weighted imaging (DWI) in the first week of life and only by the end of the first week with conventional imaging \[[@CR72]\]. Similarly, the watershed predominant pattern of injury can be appreciated as a loss of grey-white matter differentiation on conventional MRI, but can be documented more easily and earlier with DWI. Brain MRI can also be very useful in central nervous system (CNS) infection, in some cases enabling recognition of specific patterns \[[@CR63], [@CR73], [@CR74]\]. Additionally, brain MRI is the gold standard for recognition and classification of cerebral malformations, thanks to the high resolution multiplanar imaging it provides \[[@CR75]\].

Neuroimaging in the evaluation of stroke {#Sec16}
----------------------------------------

Arterial infarction might be detected in the (near) term newborn by ultrasound scans as an increased or asymmetrical echogenicity between the two hemispheres, but brain MRI is usually required. Arterial ischemic infarction in a cortical branch of a major cerebral artery is initially documented as a loss of gray/white matter differentiation, mainly with a low signal intensity on T1 and a high signal intensity on T2 weighted images. Diffusion weighted images are particularly helpful in stroke identification in the first week, while between the second and sixth week there is, at the beginning, an increase in white/matter differentiation followed by widening of the extracerebral spaces and formation of a porencephalic cyst. After the 6th week, the affected hemisphere is usually smaller and shows a decrease in myelination \[[@CR76]\].

Perspectives from research studies {#Sec17}
==================================

In the neurophysiologic field, additional monitoring strategies have been applied in the neonatal period but still need further studies. These include digital trend analysis (DSA), envelope trend and spectrogram \[[@CR77]\]. Density spectral array shows spectral power of specific electrodes or an averaged power from a group of electrodes. It can be used in addition to c-EEG, although its diagnostic contribution has to be elucidated \[[@CR4]\]. Experience with envelope trend (displaying the median amplitude of given EEG epochs) \[[@CR4]\] is even more limited \[[@CR77]\], even though a sensitivity approaching that of aEEG in case of prolonged seizures has been reported in one study \[[@CR78]\].

Automatic detection systems have also been developed, for background grading \[[@CR79], [@CR80]\] and for neonatal seizure recognition, in this last case either based on video \[[@CR81]--[@CR83]\] or on EEG analysis \[[@CR84]\]. These still represent research tools, as only a few centres have used them in the clinical setting \[[@CR25]\]. Finally, video-processing based techniques are also under evaluation for apnoeas simulation \[[@CR85]\] and estimation of respiratory rate \[[@CR86]\].

Another field of research particularly applied in preterm newborns is represented by near infrared spectroscopy (NIRS), used to study haemodynamics and cerebral oxygenation \[[@CR87]\].

Other research groups are also working to evaluate the role of high density EEG in improving information acquisition on the immature brain \[[@CR88]\].

Advanced MRI techniques, already part of medical practice, such as diffusion tensor imaging (DTI) and spectroscopy can provide more quantitative information than conventional imaging \[[@CR89]\], increasing prognostic accuracy or widening the spectrum of clinical questions that can be answered from early-on.

Conclusions {#Sec18}
===========

We reviewed neurophysiologic and neuroimaging tools to be used in evaluating newborns at high risk of neurological sequelae. We reported on the best timing, indication and aims of their use according to the available scientific literature. We recommend integration of EEG, ultrasound, MRI and, when available, evoked potentials data in order to achieve accurate prognostication.
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